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Abstract
Corrugated 0.05 in thick strips of Fe-Cr-Al ferritic stainless steel samples with 4% and 6%
aluminum were heat treated, and the resulting Al2O3 oxide was analyzed using SEM imaging.
Three heat treatment cycles were carried out for each sample. The heat treatments were based
on future metal-substrate catalytic converter processing prior to applying the washcoat Each
heat treatment started with a 90 minute ramp from room temperature to 538°C and a 32.5
minute ramp from 538°C to 899°C. The three different dwell periods at 899°C were 4 hours, 6
hours, and taking a sample out every hour for 4 hours and letting it air cool. The full 4 and 6
hour cycles were finished with an in-furnace cool recorded by an external thermocouple and
datalogger. Additional samples were included in the 6 hour cycle that were flattened by pressing
a metal cylinder across the top of the corrugated sheet. All samples were sputtered with a 300Å-thick layer of gold to improve resolution in the SEM. Cold rolling to form the 0.05 in sheet and
possibly the corrugation deformed the microstructure and altered the surface, which produced
different oxide structures during heat treatment in linear patterns. Also, the different regions of
the corrugation (ridge, valley and slope) produced different oxide formations. The ridges
showed a flatter oxide, the valleys showed a linear pattern with alternating needle-like and
rough granular oxides, and the slopes showed needle-like oxide with patches of smooth
rounded oxide. The desired oxide is a needle-like structure which provides a large surface area
for the catalyst layer (washcoat) during the production of catalytic converters.
Keywords: Materials engineering, catalytic converter, ferritic stainless steel foil, oxidation,
alumina growth.
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Introduction
ACAT Global (Charlevoix, MI) manufactures metal-substrate catalytic converters for use with a variety of
engines. This project will deal specifically with gasoline engines in passenger cars. The ACAT catalytic
converters are made of a corrugated FeCrAl alloy (ferritic stainless steel) which is oxidized to produce a
surface with greater area for the application of the catalyst washcoat. The characteristics of the oxide
layer on the stainless steel foil are critical to the performance of the catalytic converter. This project
takes a detailed microscopic examination of the oxide formed on the foils.

Catalytic Converter History
Eugene Houdry started the development of the first catalytic converters in 1948 after studies in Los
Angeles indicated that smog and air pollution were becoming an environmental concern. He was
worried that smoke stacks and automobiles were contributing the majority of the pollution and founded
the company Oxy-Catalyst which produced catalytic converters for smoke stacks1. He also developed a
catalytic converter for a gasoline automobile engine. Even though it could not be used with the present
gasoline because the lead contained in gasoline at the time would bond to and coat the platinum
catalyst atoms, he received a patent in 1956 for a catalytic converter made using porcelain rods coated
with alumina and platinum2.
In 1969, the smog in Southern California was so bad that the state established its own emissions
standards. This was quickly followed by the establishment of the Environmental Protection Agency (EPA)
in December 1970 and the passage of the Clean Air Act of 1970 which gave the EPA power to establish
national air-quality standards. More specifically, the 1970 Clean Air Act required a 90% reduction in
emissions from new automobiles, a device that would reduce a car’s exhaust gases for at least 50,000
miles, and the removal of lead from gasoline by 1975 3.
Carl Keith, who had previously worked with Houndry, led a team from Engelhard Industries and Corning
Glass Works, backed by a government mandate, to modify a previous catalytic converter design used on
forklifts for use on automobiles. The result was an extruded monolithic honeycomb structure made of a
ceramic called cordierite, which has low thermal expansion and high melting point. By sheer luck, the
extrusion process aligned the needlelike structure of the cordierite parallel to the honeycomb allowing
the width of the needles, which thermally expand much more than the length, to expand into the open
holes of the honeycomb and not damage the monolith. The catalyst was produced by precipitating
platinum in fine droplets onto particles of high surface area gamma-alumina and making a slurry to
cover the honeycomb monolith. Rhodium and ceria were later added to the catalyst slurry to act as
reducing catalysts to satisfy an added requirement to reduce NOx gases4.

What is a Catalytic Converter?
A catalytic converter is a metal or ceramic cylinder-shaped monolith with many small passages for air
flow. It is installed right after the engine in the path of the exhaust system of the car. The exhaust
system pipes exhaust gases away from the engine and into the atmosphere. The catalysts covering the
1

internal surface of the converter (in a honeycomb pattern usually) react with the exhaust gases as they
flow from the engine through the catalytic converter. The toxic exhaust that was emitted from the
engine (hydrocarbons (HC), carbon monoxide (CO), and nitrous oxides (NO2 or NOx)) is converted into
less toxic gases (water (H2O), carbon dioxide (CO2), nitrogen (N2))before they are released into the air.

How a Catalytic Converter Works
Standard converters are called “three way catalytic converters” because three catalyzed reactions occur
simultaneously within the converter. One reaction uses platinum and rhodium to reduce nitrogen
oxides, which contribute to smog and acid rain (Equation 1). The other two reactions use platinum and
palladium to oxidize carbon monoxide, which is a poisonous gas (Equation 2), and oxidize unburned
hydrocarbon, which is a major component of smog generated from unburned fuel (Equation 3). Figure 1
summarizes the inputs and outputs of a catalytic converter.
2NOx → xO2 + N2

Equation 1

2CO + O2 → 2CO2

Equation 2

CxH2x+2 + [(3x+1)/2]O2 → xCO2 + (x+1)H2O

From
engine

Equation 3

Catalytic Converter
To
atmosphere

Honeycomb core
Figure 1: Diagram of toxic exhaust gases leaving the engine and the products that the catalytic converter produces5.

Metallic versus Ceramic Catalytic Converters
Ceramics have primarily been used as the substrate for catalytic converters since they were required on
automobiles and account for about 95% of the market6. However, metallic substrates are starting to be
used because they provide a lower resistance to air flow and require less heat to warm up. Having a
lower resistance to air flow is achievable because the corrugated metal roll allows gases to flow through
2

almost 90% of the total front area while still providing more surface area than the ceramic monolith.
This is because the metal is not brittle like the ceramic and the monolith walls can be much thinner than
is possible with ceramics. The result for a metal-substrate catalytic converter is more surface area in the
same volume. Needing too much heat to warm up is actually a major flaw in the catalytic converter’s
performance. The converters’ only reactions take place at the higher temperatures that are reached
about 5 minutes after the car has been running (Figure 2)7. One way for the converter to heat up faster
would be to move it closer to the engine where exhaust gases are hotter8. This solution would work for
the metallic substrate converter because it has a lower specific heat capacity and higher thermal
conductivity which would allow the converter heat up quickly and evenly. This solution is not applicable
to the ceramic substrate because it cannot endure quick heating and might crack. Another advantage of
a metallic substrate is the ability to more easily manufacture the channels in different shapes to increase
turbulence of the flowing gas. Increasing the turbulence makes the exhaust come in contact with more
catalyst surface area thus converting more of the exhaust into less harmful emissions with a smaller
volume converter9.

Figure 2: Catalytic converters reach maximum efficiency at temperatures above 350°C10.

Ceramic monoliths are made by extruding synthesized cordierite into a round honeycomb shape with
square or triangular passageways. It is then coated with a washcoat containing aluminum oxide which
has a surface area of at least 100 m2/g. Platinum, palladium and rhodium are applied in another
washcoat as catalysts. Metallic catalytic converters are made using corrugated FeCrAl foils which are
rolled into a spiraling cylinder shape then put in a furnace to form an alumina (Al2O3) layer (Figure 3).
The catalyst washcoat is then applied directly to the oxide.

3

Figure 3: Metallic catalytic converter in a spiraled roll11.

FeCrAl Oxide Structure
There are several possible oxides that a FeCrAl alloy can form depending on the conditions. α-alumina is
a layer that grows continuously and slowly; γ -Al2O3, θ-Al2O3 and δ-Al2O3 are transient/metastable fast
growing oxides which form during the first minutes of oxidation and take the shape of whiskers and
plates. The whisker morphology most likely corresponds to θ-Al2O3 while plate corresponds to γ -Al2O3.
These transient alumina formations provide the medium to hold the catalyst washcoat while the αalumina provides protection for the alloy up to 1200°C12.
Many studies have documented that the metastable γ, θ, and δ aluminas grow in an outward direction
at a faster rate than stable α-alumina grows in an inward direction for temperatures in the 850-950°C
range. But a study reported that at a temperature of 925°C after 30 minutes of oxidation, α-alumina was
detected to be the only oxide. In the same study, the ratio of transient to alpha oxide was a maximum at
14 hours and decreased at higher temperatures. So, the oxide surface started as α-alumina, then the
transient alumina phase grew and after 14 hours part of the transient phase transformed into αalumina13.
The grown oxide scale has two purposes: (1) to protect the metallic substrate from being further
oxidized during its use in the car, and (2) to provide a medium to support the adherence of the catalyst
washcoat. To achieve the former, the oxide must be well adhered to the alloy surface and withstand
service temperatures up to 1100°C, which is possible with the formation of α-alumina because it grows
in a continuous layer and can withstand temperatures up to 1200°C. The latter is achieved with the
formation of transient alumina oxides because their needle and plate structures provide much more
surface area than just a flat surface of α-alumina.
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One method for analyzing oxide growth is by tracking the mass change of the sample as it undergoes
oxidation. The oxidation usually follows Wagner’s parabolic type behavior (Figure 4). Mass change is
related to parabolic rate constant and time through the equation:
√

Equation 4

where
is the mass change per area in g/cm2, kp is the parabolic rate constant and t is time in
seconds. The initial oxidation is usually a rapid, linear weight gain while initial α-alumina surface scale
develops. As the oxygen and aluminum atoms have to diffuse through the scale and transient oxides
begin to form, the parabolic relationship takes effect. When aluminum in the alloy is consumed,
chromium oxide begins to form and eventually the oxidation reaches a breakaway stage when iron oxide
forms14. Since iron oxide is an active corrosion product instead of passive like alumina and chromia, the
iron continues to oxidize until the source is depleted. A breakaway stage occurs because the continuous
iron oxidation tries to consume the entire catalytic converter monolith. When this breakaway stage is
reached, the catalytic converter has failed.
One study showed that an oxidation temperature of 900°C produced a higher weight gain after
oxidation for a few hours than 1000°C and 950°C, but not as high as 1100°C or 1200°C (Figure 4). It also
showed that at 900°C the precursors to plate crystals nucleated after about 30 minutes and grew rapidly
up to 90 minutes. After 90 minutes α-alumina nucleated until about 10 hours of oxidation when the
plate morphology quickly reappeared and covered the entire surface (Figure 5). The plates grew along
the (111) plane which is the densest packed plane of γ -Al2O3. The plates tend to prefer growing radially
rather than growing in thickness. Below the plates’ surface, at the bases, they increase in density and
grow a more compact layer which contributes to the intersections between plates.

Temperature of
this project

Figure 4: Example of parabolic mass gain oxidation behavior of a Fe20Cr5Al alloy15.
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Figure 5: Plate γ -Al2O3 oxide after 10 hr at 900°C16.

The typical alloy for catalytic converter applications is ferritic stainless steel with 4-6% aluminum.
Without the aluminum available to form an oxide, the chromium oxide would form and decompose at
1000°C and the foil would not be useful for the catalytic converter application.
Rare earth elements (RE) are added to FeCrAl alloys to improve the oxidation resistance of alumina at
high temperatures by reducing oxidation rates and increasing scale adhesion. Common RE used are La,
Ce, Pr, Nd, Sm, Gd, Dy, Y, and Er. The addition of RE has been shown to decrease the weight gain of a
Fe20Cr4Al alloy at 1000°C compared to the same alloy with no RE. The reason for this is that the RE ions
diffuse along the grain boundaries of the alloy and the alumina and impede the movement of aluminum
ions because of their large size. Because the grain boundaries are obstructed by the RE ions, the oxygen
and aluminum ions cannot diffuse to the metal/metal oxide interface as quickly and the rate of oxide
growth becomes slower than it would be without the RE ions. The slow growth rate produces a thinner,
more accommodating scale which is better adhered to the alloy enabling it to better withstand thermal
and growth stresses17.
The ideal oxide would have the highest surface area while still having good adhesion to the metal
substrate. To achieve high surface area and good adhesion, the oxide needs to be analyzed at different
points in the oxidation process for composition and morphology to determine the mechanics and
kinetics behind the growth of each one. If a sufficient oxide can be grown at a shorter time than
originally predicted, the company would save money and time and it might be possible for the catalytic
converter to last longer because the oxide would be further away from the breakaway state.
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If catalytic converters could last longer, there would be fewer byproducts from production per year
because they would not have to be replaced as often. Because catalytic converters are trying to keep
the air free of pollution from cars, the production process should be assessed to make sure that the
converter has an overall positive impact on the environment. The gases that they emit should also be
evaluated for their health and environmental impacts.

Realistic Constraints18
Two important aspects in the production and life of catalytic converters are environmental impacts and
health and safety. Catalytic converters convert harmful gases produced by an automobile engine into
less harmful gases which are released into the air. But to convert the harmful gases so that they do not
poison the air where there are high concentrations of cars, other harmful byproducts are released in
other parts of the world during the manufacture of catalytic converters.
Environmental Impact
Even though the carbon monoxide and hydrocarbons produced by the engine are converted into carbon
dioxide, there is still an environmental impact. Global concentrations of CO2 have increased 36% since
the Industrial Revolution. In 2009, for the US alone, 5,505 out of 6,633 million metric tons of greenhouse
gases (83%) were from CO2 (Figure 6). 31% of the CO2 was produced by fossil fuel combustion for
transportation. The only source that emitted more greenhouse gases was fossil fuel combustion for
electricity generation. CO2 concentrations in the atmosphere fluctuate but average around 0.039% by
volume, which is 390 ppm. The airborne fraction of CO2 due to fossil fuel emissions has been increasing
at an average of 1.9% per year for the last 30 years. Even though CO2 is less harmful than CO, it still has
an environmental impact and if the amount of CO2 in the atmosphere continues to increase, there will
most likely be greater impacts. The next step besides converting to vehicles that do not run on
petroleum would be to find a catalyst that converts the carbon monoxide and hydrocarbons into
something else. With further advancements in materials technology and engineering, catalytic
converters will be able to limit more toxic emissions from reaching our atmosphere. A major area that
can be improved is the first few minutes of warm-up when the catalytic converter is not warm enough
to make conversions. If different materials were used that had oxides that could withstand higher
temperatures, then the converter could be put closer to the engine and heated faster by the exhaust
gases. Another way would be to heat the converter with power from the engine or battery.
Health and Safety
The production of the catalyst requires the mining of precious platinum, palladium, and rhodium. Most
platinum group elements are mined in South Africa which has lower health and safety regulations than
Europe and the US. The metals occur in low concentrations of about 8g/ton of solid waste and at depths
1000 m below the ground19. Large holes need to be drilled to reach the ore reserves and waste rock
from the extraction can cause mine tailings which contaminates local water sources with lead or arsenic.
Most electricity used to extract, smelt and refine the metals is generated by burning coal which releases
CO2 into the atmosphere in addition to the CO2 that the converter will emit over its lifetime. The ore is
heated to over 1000°C to melt all of the impurities which requires large amounts of energy and releases
7

toxic elements into the air, water and soil. An alternative method of smelting the ore is to use strong
acids to get rid of the impurities resulting in a slurry of liquid toxins which cannot be effectively
disposed20.
Overall, the production and use of catalytic converters contribute to measurable global atmospheric
change which has an impact on the environment. There are also health and safety risks in the areas
where platinum group elements are mined, which are not usually seen or thought of by the people who
use the catalytic converters.

Figure 6: U.S. Greenhouse gas emissions by gas21.

Materials
This study will analyze the oxide morphology of two different ferritic stainless steel FeCrAl alloy foils at
899°C. Both are made by MK Metallfolien. The first, which will be referred to as MK4, has maximum
0.05wt%C, about 0.3wt%Si, 3.5-4.5wt%Al, about 17.5wt%Cr, 0.02-0.1wt%RE and the remaining of Fe.
The second, which will be referred to as MK6, has maximum 0.05wt%C, about 0.3wt%Si, 5.5-6.5wt%Al,
about 20wt%Cr, 0.06-0.12wt%RE and the remaining of Fe22.
Table 1: Summary of foil compositions.

Foil
MK4
MK6

wt%C
max 0.05
max 0.05

wt%Si
~0.3
~0.3

wt%Al
3.5-4.5
5.5-6.5
8

wt%Cr
~17.5
~20

wt%RE
0.02-0.1
0.06-0.12

wt%Fe
balance
balance

Experimental Procedures
Oxidation Treatments
Four heat treatments were performed using a programmable furnace with timed ramp and hold
capabilities. The first was an initial trial of both the MK4 and MK6 foils. One sample of each MK4 and
MK6 foil was cut about ¾” long from rolls 2” and 4” wide respectively. The samples were rinsed with
ethanol to remove any contamination from handling or storage. Samples were set on bars of ceramic
alumina set on plates of ceramic alumina inside the furnace to prevent contact with the furnace material
and keep the foils clean. The requested heat treatment was 10°F/minute from room temperature to
1000°F, 20°F/minute from 1000°F to 1650°F, a 4 hour hold at 1650°F and an in-furnace cool. This was to
match the production capabilities of ACAT Global. So, to work with the settings of the furnace, the
samples were treated using a 90 minute ramp from room temperature to 538°C, 32.5 minute ramp from
538°C to 899°C, a 4 hour hold at 899°C and an in-furnace cool. The second and third treatments were
performed using the same heat treatment to track the growth of the oxide over the duration of the 4
hour hold. Five samples of either MK6 (second treatment) or MK4 (third treatment) were cut, rinsed
with ethanol and placed in the furnace which ran through the two ramp cycles. The first sample was
removed at the end of the second ramp when the temperature just reached 899°C. Samples were
removed once an hour with the last one removed at the end of the 4 hour hold.
The fourth treatment included samples of MK4 and MK6 along with samples of MK4 and MK6 that were
flattened by a manual press to be able to easier analyze them using the Scanning Electron Microscope
(SEM). The same ramp of 90 minutes from room temperature to 538°C and 32.5 minutes from 538°C to
899°C was used, but the hold time at 899°C was extended to 6 hours and still ended with an in-furnace
cool (Figure 7).
Table 2: Summary of oxidation treatments.

Treatment
Number of Sample(s)
Ramp=90 minute ramp from room temperature to 538°C, 32.5 minute ramp from 538°C to 899°C
1) Ramp + 4 hour hold at 899°C
1 – MK4 foil, 1 – MK6 foil
2) Ramp + 4 hour hold at 899°C, removing a sample
5 – MK6 foils
each hour (the end of the ramp was hour 0)
3) Ramp + 4 hour hold at 899°C, removing a sample
5 – MK4 foils
each hour (the end of the ramp was hour 0)
4) Ramp + 6 hour hold at 899°C
1 – MK4 foil, 1 – MK4 foil flattened, 1 – MK6
foil, 1 – MK6 foil flattened
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Samples used for oxide evaluation:
Hour 0

1000

Hour 1

Hour 2

Hour 3

Hour 4

Hour 6

900

Temperature (°C)

800
700
600
500
400
300

200
100
0
0

1

2

3

4

5

6

7

8

Total Time (Hours)
Figure 7: Temperature parameters for oxidation treatment.

SEM Analysis
A small square was cut from each oxidized sample to fit on an SEM stage to be sputtered. Gold was
sputtered in a 100 mTorr vacuum for 5 minutes to achieve a 300-Å layer. Samples were imaged using a
FEI SEM under high vacuum. The settings used were a voltage of 15-25 kV and a spot size of 3-4.

Results
Oxide Variation by Foil Location
The foils were received in corrugated form from ACAT Global because that is how they would be wound
into the monolith interior structure of the catalytic converter. During analysis, it was found that the
oxides varied based on the location on the foil. Three areas were identified as having unique oxides: the
ridge, slope and valley (Figure 8).
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Corrugated FeCrAl foil

Figure 8: Sample of corrugated foil showing location of the ridge, slope and valley.

Oxide Types
There were six primary oxide formations found on the analyzed samples. Whisker oxides were thin and
would provide the most surface area to hold washcoat particles. Plate oxides were sometimes seen
intermixed with whisker oxides and had the same height but a greater width. Grass oxides were similar
to whiskers in that the oxide features are tall, but the grass oxide was slightly wider and had a rounded
tip instead of a sharp point. The nodule oxide was a covering visibly shorter than the areas around it, but
not void of oxide. Some nodule oxide variations were bulbous patches (Figure 9) and oxide that looked
like it would develop into whiskers (Figure 10). The grainy oxide looked like a void of oxide compared to
areas around it and sometimes had a scaly appearance. The flat oxide sat on top of other oxides around
it and was completely smooth.
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Figure 9: MK6 foil, hour 4, slope region – bulbous patch of oxide at center of the image.

Figure 10: MK6 foil, hour 4, valley region – precursor to rougher oxide.
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Oxidation at Hours 0, 1 and 2 of the Ramp
Preliminary analysis of the MK6 foil at hours 0, 1 and 2 showed minimal oxide growth (Figure 11). Viable
oxide was not expected to be seen at these times. The hour 2 image shows the very beginning of oxide
growth out of the foil, opposed to growth on the same plane as the foil in hour 0 and 1. Based on the
need for a rough oxide with a high surface area to volume ratio, no additional images were taken at
these hours for the MK4 or MK6 foil.

(a)

(b)

(c)
Figure 11: (a) MK6 foil, hour 0 – minimal oxide growth; (b) MK6 foil, hour 1 – minimal oxide growth; (c) MK6 foil, hour 2 –
initial oxide growth out of the foil.
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MK4 Foil
Hour 3
The MK4 foil, hour 3, ridge region has smooth oxide growth which would not provide the necessary
surface area for a catalyst washcoat. There are some areas that are smoother and some that have small
surface features which might be the base for later whisker oxide growth (Figure 12).
In contrast, the MK4 foil, hour 3, slope region has mostly short plate oxides with some circular oxide
formations which have smooth nodules in the center and whiter plate oxide around the circumference
(Figure 13). In this and subsequent samples, it can be seen that a white oxide grows taller than the
general coverage of oxide and surrounds areas of shorter oxide. The second image of a different location
on the same slope region shows a linear pattern to the growth of the circular formations. There are
beginnings of linear formations in this oxide sample where the circular formations have aligned and
combined to form a continuous band of nodule oxide with surrounding white plate oxide (Figure 14).
The next oxide formation was only seen in the MK4 foil at hour 3 on the slope region. It resembles plate
oxide, but it is thicker and smoother. It more closely resembles a precursor to plate or whisker oxide.
The image shows the smoother oxide on the left and the normal plate oxide with circular formations on
the right, separated by slightly taller white plate oxide (Figure 15).
One oxide formation in the valley region of the MK4 foil, hour 3 sample shows a linear formation with
white plates surrounding smooth nodules in the center. The rest of the surface consists of short plates
similar to those on the slope region (Figure 16). Another oxide formation in the valley region of the MK4
foil, hour 3 is mostly smooth oxide nodules with some areas surrounded by white plate oxide in a
partially circular pattern (Figure 17). Rosette oxide formations seen in later samples at longer times may
develop from the centers of the circles where the oxide has a slight hole. Overall, the MK4 foil, hour 3
has mostly circular oxide formations with more plate oxide forming on the slope region and more
nodule oxide forming in the valley region.
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Figure 12: MK4 foil, hour 3, ridge region – smooth oxide covering.

Figure 13: MK4 foil, hour 3, slope region – circular oxide formations.
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Figure 14: MK4 foil, hour 3, slope region – linear formation formed from circular growths.

Border

Figure 15: MK4 foil, hour 3, slope region – separation of smoother precursor oxide (left) and rougher plate oxide (right).
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Figure 16: MK4 foil, hour 3, valley region – linear formation in the center of the image.

Possible rosette
oxide source

Figure 17: MK4 foil, hour 3, valley region – partially circular pattern.
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Hour 4
The MK4 foil, hour 4, ridge region has smooth oxide that is almost identical to the ridge region of hour 3.
Though, the oxide has slightly more height than the hour 3 oxide (Figure 18).
The same circular oxide seen in the slope of the MK4 foil, hour 3 has consumed almost the entire
surface of the slope region of hour 4. Compared to the hour 3 slope region, the hour 4 slope region has
more circular oxide formations with nodules in the centers and plate oxides around the perimeters.
There are also a few regions of short plate oxide. The higher magnification image of the same area
shows the plates surrounding the circles in greater detail as well as beginning growths of whisker oxide
(Figure 19).
The valley region of the MK4 foil, hour 4 shows similar circular formations to the hour 3, valley region
and hour 4, slope region. These images are at a different viewing angle than slope images but it looks
like they could be the same growth pattern. The higher magnification image better shows the plate
orientation and layering. Many of the plates look like they might be too close together for catalyst
particles in the wash coat to fit in between the layers. The plates surrounding the circles in the valley
seem to be oriented more parallel to each other than in the slope region, but they might be oriented the
same way because of the different viewing angle (Figure 20).

Figure 18: MK4 foil, hour 4, ridge region – slightly taller oxide than hour 3.
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(a)

Beginning whisker oxide

Plate oxide

(b)
Figure 19: (a) MK4 foil, hour 4, slope region; (b) MK4 foil, hour 4, slope region – high mag showing circular oxide details.
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(a)

Plates possibly too close
together for catalyst
particles in washcoat

(b)
Figure 20: (a) MK4 foil, hour 4, valley region; (b) MK4 foil, hour 4, valley region – high mag showing circular oxide details.
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Hour 6
Samples of MK4 foil were flattened and oxidized so that the oxide could be imaged easier on the SEM.
Linear oxide formations were seen perpendicular to the corrugation, meaning that if lines were drawn
following the ridges and valleys of the foil, the oxide lines would be perpendicular to those lines. In
other words, the oxide formed in lines going straight down the face of the slope from the ridge to the
valley. Thinner lines in the texture of the foil, which have an undetermined cause, are also visible in the
same direction. The mid-range magnification micrograph of the flattened MK4 foil shows a relatively
even coverage of plate and whisker oxide with some non-uniform oxide structures. The highmagnification image displays a rosette oxide made of plate oxide facing a center point and nodule oxide
growing from the center point. The rosettes are mostly in linear formations perpendicular to the
direction of the corrugation. The rosettes might be connected to the cold working the foil experiences to
be rolled to thickness or corrugated. The rosettes are undesirable because they make the surface oxide
not uniform (Figure 21).
Another sample of MK4 foil was left corrugated and oxidized during a 6 hour hold as well. The same
linear oxide formations seen on the flattened sample can also be seen on the slope region of the
unflattened sample (Figure 22). The linear oxide growing on the valley region of the corrugated MK4 foil
is in a slightly different pattern than the flattened foil and slope region. The difference is probably
because of the way the curved surface appears in an image or from the microstructure deforming during
corrugation (Figure 23). A closer view of the valley of the MK4 foil, hour 6, shows some crevice areas
that have less oxide than the surrounding surface, but the oxide that is present is nodule oxide instead
of plate or whisker oxide. There were a limited number of crevices over the whole valley region, which
mostly consisted of uniform plate and whisker oxide (Figure 24). A view of the slope region of the MK4
foil hour 6 shows the white linear oxide formation. It is hard to tell from the angle, but it appears that at
least some of the linear oxide is in the form of rosette oxide (Figure 25). An image of the valley shows
the representative oxide of the valley and slope regions for the MK4 foil hour 6. There is mostly plate
and whisker oxide with some rosette oxide formations. This oxide coverage more even than at hours 3
or 4 and would the best for catalyst washcoat application (Figure 26). In a comparison of this
representative oxide to the oxide seen on the flattened MK4 foil oxidized for 6 hours, the flattened foil
has shorter plates and fewer whiskers, which indicates that the flattening process slightly affected the
oxide that was grown. It is significant because it can be speculated that the corrugating process
influences the oxide growth as well. The ridge shows flat oxide, plate oxide, nodule oxide, grainy oxide
and layered oxide. The formation of oxide other than the flat oxide gives the ridge much more surface
area than the ridges from the hour 3 and 4 oxidation times, which makes it more suitable for catalyst
washcoat application (Figure 27).
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(b)

(a)

Rosette oxide formation

(c)
Figure 21: (a) MK4 foil, hour 6, flattened – linear oxide patterns; (b) MK4 foil, hour 6, flattened – oxide coverage; (c) MK4 foil,
hour 6, flattened – magnified linear oxide with rosette formations.
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Figure 22: MK4 foil, hour 6, slope region – linear oxide formations.

Figure 23: MK4 foil, hour 6, valley region – linear oxide formation skewed by image angle or processing.
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Crevice

Figure 24: MK4 foil, 6 hour, valley region – crevice areas.

Figure 25: MK4 foil, hour 6, slope region – close up linear oxide formation.
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Rosette oxide formation

Figure 26: MK4 foil, hour 6, valley region – mostly consists of plate and whisker oxide.

Grainy oxide
Flat oxide
Nodule oxide

Plate oxide

Layered oxide

Figure 27: MK4 foil, hour 6, ridge region – more developed oxide than hour 3 or 4.
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MK6
Hour 3
The MK6 hour 3 ridge region is mostly comprised of flat oxide, which is not viable for coating with
catalyst washcoat (Figure 28). This ridge has the same oxide formation as the MK4, hour 3 ridge. The
MK6 foil hour 3 slope and valley regions show grass oxide with moderate coverage. There is still a
significant amount of nodule oxide in between the grass oxide blades. There is also some evidence of
linear patterns in the nodule oxide (Figures 29, 30). The valley and slope regions surprisingly formed the
same oxide and have more even coverage than the MK4 hour 3 slope and valley regions.

Figure 28: MK6 foil, hour 3, ridge region – mostly flat oxide.
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Nodule oxide

Figure 29: MK6 foil, hour 3, slope region – visible nodule oxide in a linear pattern.

Figure 30: MK6 foil, hour 3, valley region – nodule oxide between grass oxide.
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Hour 4
The ridge of the MK6 foil, hour 4 has the same oxide coverage as the MK6 hour 3 ridge. The oxide is
smooth and does not provide much additional surface area compared to the unoxidized foil (Figure 31).
The slope of the MK6 foil, hour 4 has about the same length of grass oxide as the hour 3, but it has more
complete coverage. The image shows an example of bulbous oxide, which was not seen in the MK4 foil.
It is comprised of smooth bumps clustered together in a larger circular shape. Most of the slope’s
surface is short grass oxide with some areas of bulbous oxide (Figure 32). The valley of the MK6 foil,
hour 4 also has short grass oxide, but it has smooth nodules that appear to be precursors to more grass
oxide. These smooth nodules are formed in linear patterns across the valley of the foil (Figure 33).

Figure 31: MK6 foil, hour 4, ridge region – smooth oxide.
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Bulbous oxide patch

Figure 32: MK6 foil, hour 4, slope region – bulbous patch of oxide at the center of the image.

Precursor to
grass oxide

Figure 33: MK6 foil, hour 4, valley region – band of smooth nodule oxide across the center of the image.
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Hour 6
A sample of MK6 foil was flattened and oxidized for 6 hours. The oxide differs greatly from the oxide of
the corrugated sample that underwent the same oxidation treatment. On some areas of the flattened
sample, there are signs of linear oxide formations which have a crevice running down the center (Figure
34). There are also areas with large crevices which appear to be undercutting the oxide as it tries to stay
adhered to the surface of the foil. The oxide that remains is packed close together and does not look like
it provides much surface area (Figure 35).
In the sample of MK6 hour 6 that was not flattened, the ridge grew a considerable amount of whisker
and plate oxide compared to the ridges from hours 3 and 4. There is still flat oxide covering some areas,
but the majority is whisker and plate oxide (Figure 36).
The slope of the MK6 hour 6 has better coverage than the hour 3 or 4 samples. It contains some patches
of smooth bulbous oxide that was also seen in the hour 4 sample, but the area in this image has more of
them than the average coverage of the sample. Most of the surface has long grass oxide. Also, the grass
oxide shows more growth around the areas that have bulbous oxide which is probably because less
aluminum was used to form bulbous oxide, which leaves more aluminum to be used around its
perimeter (Figure 37).
The MK6 hour 6 valley region seems to have slightly smaller grass oxides than the slope. It might just
appear that way because the images are taken at different angles relative to the surface. This location
has some linear oxide growth in the form of white oxide clusters. The surface of the valley is more
uniform than the 3 or 4 hour samples and has more oxide growth (Figure 38).

Crevice

Figure 34: MK6 foil, hour 6, flattened – linear oxide formations.
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Figure 35: MK6 foil, hour 6, flattened – altered oxide growth from flattening.

Figure 36: MK6 foil, hour 6, ridge region – mostly plate and whisker oxide with some flat oxide.
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Bulbous oxide

Figure 37: MK6 foil, hour 6, slope region – longer grass with small bulbous oxide regions.

Figure 38: MK6 foil, hour 6, valley region – grass oxide with white oxide clusters.
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Discussion
Table 3: Summary of six primary oxide formations.

Whisker: thin and tall oxide, ideal for washcoat
coverage because of high surface area.
Seen on MK4 hour 6; MK6 hour 6.

Plate: tall and wide, but not thick; ideal for
washcoat coverage.
Seen on MK4 hour 3, 4, 6.

Grass: tall and thin oxide with slightly more width
than whisker oxide; ideal for washcoat coverage.
Seen on MK6 hour 3, 4, 6.

Nodule: short and rounded, precursor to whisker,
plate or grass oxide; not ideal for washcoat
coverage
Seen on MK4 hour 3, 4, 6; MK6 hour 3, 4, 6.
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Grainy: area with the least vertical oxide growth,
forms at bottom of crevices and on ridges, bad for
washcoat coverage.
Seen on MK4 hour 3, 4, 6; MK6 hour 3, 4, 6.

Flat: little to no surface texture, but is at a
discernible height above the foil’s surface, bad for
washcoat coverage.
Seen on MK4 hour 3, 4, 6; MK6 hour 3, 4, 6.

The oxide formation of the MK4 foil at hour 6 had the best, most even, homogeneous overall coverage
between the 3, 4 and 6 hour samples for MK4. The ridges grew some plate and whisker oxide along with
other layered oxide. It did show locations of flat oxide and voids with grainy oxide. The slopes showed
uniform plate and whisker oxide growth except for some linear formations of white plate growth. The
valley had a similar, if not the same, mix of plate and whisker oxide that was uniform except for some
rosette plate oxides, some of which were in linear formations. The hour 3 and 4 samples did not have
uniform oxide coverage because the oxide had formed into a circular pattern with nodules in the center
and plates around the perimeter. The ridge was also considerably flatter and barely developed
compared to the hour 6 sample.
The hour 6 sample of the MK6 foil had the best overall coverage between the 3, 4 and 6 hour samples.
The ridges showed some plate and whisker coverage and also some flat alumina coverage. In some
locations it looked like flat alumina grew on top of plate oxide. The slope contained a grass and whisker
oxide that uniformly covered most of the surface. There were some locations with smooth bulbous
oxide which were surrounded by taller growths of grass oxide. The valleys were covered with the same
grass oxide and had even coverage except for some instances of crevices or canyons which had short
plate and nodule oxides on the interior. There were also some linear formations of white oxide, but they
still resembled the grass oxide instead of large plates like in the MK4 sample. The hour 3 and 4 samples
had a moderate coverage of grass oxide and might be acceptable for washcoating. They are much more
uniform than the MK4 foils for those oxidation times.
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In many instances it is difficult to determine whether or not the oxide contains whiskers because the
edge of a plate or grass oxide can be aligned so that it looks like a whisker. There is probably much less
actual whisker oxide than there appears to be because of this. But, the grass and plate oxide are still
considered rough enough to coat with the washcoat catalyst.

Conclusions
1) Hour 6 for the MK4 foil, oxidized at 899°C, has the most uniform rough oxide coverage, which is
comprised of
2) Hour 6 for the MK6 foil, oxidized at 899°C, has the most uniform rough oxide coverage, which is
comprised of grass oxide.
3) The MK6 foil at hour 6 would be slightly preferential to the MK4 foil at hour 6 because the grass
oxide appears to have a higher surface area to volume ratio than the plate oxide.
4) The MK6 foils at hours 3 and 4 have more uniform oxide growth and coverage than MK4 foils for
the same oxidation times.
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